[1] Developing a better understanding of the processes involved in controlling soil carbon (C) storage and turnover in native forest soils is critical if we are to fully understand the role land management activities play in the global C cycle. Separating soil organic matter (SOM) into discrete fractions has been successfully used to isolate changes in the structure and function of the SOM pool in response to land management activities but investigations in native forest systems are rare. Using a density fractionation procedure, we isolated and characterized three distinct SOM fractions (free, intra-aggregate, and organo-mineral) across a postharvest forest age sequence. We describe age related variations in each of these fractions with respect to their contribution to soil mass, C storage, C concentrations, C-to-N ratios, and d 13 C ratios. In conceptual models of SOM pool structure, the organo-mineral fraction is assumed to be largely stable. We show that harvesting may increase the potential for loss of soil C (i.e., destabilize the soil C pool) and that a significant portion of the soil C pool may be cycling on decadal timescales. Isotopic evidence is consistent with a period of C loss attributable to increased rates of decomposition, with losses below 20 cm driving the trend. We encourage investigators studying the effects of forest harvesting on SOM storage to consider the deeper mineral soil (20+ cm) and how we may increase SOM turnover time and stabilization capacity in a native forest system. 
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Introduction
[2] In addition to the obvious and immediate effects of timber removal on carbon (C) pools and fluxes, forest harvesting affects pools and fluxes of soil C secondarily through altered soil processes (e.g., alteration of the thermal environment in the soil [Bekele et al., 2007] , redistribution of C [Yanai et al., 2003] , and affects upon soil chemistry and nutrient dynamics [Likens et al., 1970; Qualls et al., 2000] ). These secondary perturbations have the potential to alter microbial community dynamics [e.g., Bååth et al., 1995] and accelerate loss of C through decomposition and leaching of C throughout the soil (i.e., destabilize soil organic matter (SOM) storage [Sollins et al., 1996] ).
[3] However, quantifying changes in bulk SOM and soil C in forest ecosystems is notoriously challenging because of large within stand variability [Conant et al., 2003] . Much of the C stored in SOM is categorized as stable and cycling on centennial to millennial timescales making it, in theory, not as sensitive to the effects of management activities. Since only a small portion of the pool (i.e., uncomplexed organic matter) is thought to be actively cycling on timescales of months to years [Trumbore and Zheng, 1996; Gaudinski et al., 2000] changes in its quantity and character may be eclipsed by the heterogeneous nature and spatial variability of the pool as a whole. This variability can be overcome with intensive and/or highly replicated sampling [Johnson et al., 1990; Conant et al., 2003] but in rocky forest soils, where conventional methods of soil sampling may not be appropriate [Harrison et al., 2003 ], intensive and/or highly replicated sampling can often not be reasonably conducted due to costs and methodological challenges [see Kulmatiski et al., 2003] . As a consequence, investigating potential indicators of change in SOM processes may provide us with useful tools to evaluate the effects of disturbance on soil C stores in rocky soils using a fewer number of samples and less invasive soil sampling methodologies.
[4] Recent studies suggest that separating SOM into discrete fractions may increase the likelihood of detecting changes in storage [Bremer et al., 1994; Gregorich, 1995, 1996; Gregorich et al., 2006] , as well as our ability to attribute observations to a particular process or category of organic matter [Christensen, 1992; Swanston et al., 2005] . In addition, the incorporation of natural abundance measurements of stable isotopes into studies examining changes in SOM after disturbance has offered insight into belowground SOM processes not evident in elemental analyses alone and has supported observations of changes in C storage [Billings and Richter, 2006; Diochon and Kellman, 2008] . By essentially dissecting SOM at ecologically important stages of postharvest regeneration and characterizing its parts, in particular the natural abundance of 13 C, we may gain new insight into the storage and turnover of SOM in the whole soil and how soil C cycling processes are altered by disturbance. This insight may also increase our confidence in storage estimates plagued by aforementioned issues of high variability.
[5] In studies of soils, irrespective of vegetation cover, changes in the quantity and character of SOM have typically been detected in the shallow mineral soil (0-20 cm) [Sollins et al., 1984; Hassink, 1995; Swanston et al., 2005; Crow et al., 2007] , where we observe the greatest percentage of uncomplexed or active fraction of organic matter. There are relatively few accounts of the changes in the storage and characteristics of physical fractions below 20 cm in response to land management [e.g., Carter et al., 1998; Parker et al., 2002] (measure to 30 and 25 cm, respectively), and fewer still of successional changes in forested ecosystems after timber harvesting [Parker et al., 2002] . Since globally more than 50% of stored soil C is found below 20 cm [Jobbagy and Jackson, 2000] , we are potentially missing changes in deep soil contributions to total C storage, as well as the additional information provided by a more detailed d 13 C profile.
[6] Recently, a detailed investigation of d 13 C bulk soil profiles in an old growth temperate forest, using the approach of Wynn et al. [2006] , pointed to kinetic fractionation due to SOM mineralization as the mechanism dominating d
13
C profile patterns in that forest soil [Diochon and Kellman, 2008] . Respiration processes involved in decomposition of SOM typically involve kinetic fractionation whereby 12 C is preferentially respired and 13 C accumulates in stabilized SOM, becoming enriched relative to the original substrate [Mary et al., 1992; Santruckova et al., 2000] . Carbon concentration and d
C depth profile enrichment trends at the same location, representing the same soils at various stages of postharvest succession, were consistent with kinetic fractionation arising from soil organic carbon (SOC) humification. Reduced soil C storage that coincided with observed soil profile d 13 C-enrichment patterns, which intensified following clear-cut harvesting, pointed to losses of SOC in the deeper (>20 cm) mineral soil. While these patterns were observed in the bulk soil C of these profiles, and bulk soil isotopic patterns were consistent with increased mineralization of deep soil C following harvesting, the study did not attribute these losses to specific SOM pools or fractions.
[7] In this study, we extend the analysis of Diochon and Kellman [2008] and examine the structure and characteristics (e.g., C concentrations, C-to-N ratios and d 13 C signatures) of three physical fractions of SOC in the same forest soils. We investigate the contribution of C from each fraction through depth in the soil profile and through time following harvesting, and couple C concentration data with stable isotope signatures (d 13 C) to evaluate whether patterns of C loss are consistent with increased rates of C mineralization post harvest within the fractions. Our goal is to investigate the potential for using deep soil profiles coupled with pool structure and isotopic information to comment on C-cycling processes in disturbed forest soils.
Materials and Methods

Description of Study Area
[8] The study area is located in the Abrahams Lake area of the Liscomb Game Sanctuary, Nova Scotia, Canada (45 10°N 62 38°W). The soils in the study area are Halifax series sandy loam textured Orthic Hummo-Ferric Podzols derived from quartzite. Mean annual air temperature is 5.8°C and mean January and July temperatures are À5.8°C, and 16.9°C respectively. The region receives 1300 mm of precipitation annually. The area is 185-200 m a.s.l. and the topography is rolling (<10°slope). The average growing season lasts 196 days from May to October.
[9] The area was selected for study because of the existence of one of the last remaining virgin old growth red spruce forests in the Acadian Forest Region. Since ca. 1940, the typical forest harvest practice for red spruce stands is clear-cutting with branches and foliage left on site. No scarification, planting or fertilizing follows harvesting. Thinning has been practised in the last 20 years but was not at the sites included in this study. Currently, the forest in the study area is managed with rotations of about 60 years.
[10] In 2005 we identified five sites representing important stages of forest development [Mosseler et al., 2003] . The sites are within 5 km of each other and have the same elevation, parent material, soil texture, and topography to minimize between site variability [Cole and Van Miegroet, 1989; Yanai et al., 2003 ]. The sites were described by Neily et al. [2001] and, based on aerial photographs and early accounts of forest conditions in Nova Scotia [Fernow, 1912] , prior to harvest the sites were intact mature red spruce stands that originated naturally. The sites were identified based on harvesting history and by the age of the overstory in 2005 (diameter at breast height ring counts, 5 trees per stand). The intact, mature old growth red spruce stand is 125+ years and the last date of intervention, either through natural or anthropogenic causes, is unknown but trees within the stand are in excess of 200 years [Mosseler et al., 2003] . The remaining sites are naturally regenerating from first rotation clear-cut harvesting in 2005 (1 year), 1988 (15 years), ca. 1960 (45 years) and a partial harvest ca. 1931 (80 years). We were unable to locate comparable stand replicates, which is typical in studies employing a space for time substitution approach [Teklay and Chang, 2008] .
[11] The vegetation cover is typical of red spruce (Picea rubens Sarg.) forests in the Acadian Forest Region [Mosseler et al., 2003 ] and the Acadian Forest Region is typical of forests in the temperate zone [Mosseler et al., 2003] . Stand characteristics are provided in Table 1 . The groundcover was dominated by mosses in the 15-(32%), 45-(80%), 80-(46%), and 125-(65%) year stands. Bazzania tribolata dominated the 80-(47%) and 125-year stands and Pleurozium schreberi dominated the 15-and 45-year stands. Living groundcover was sparse in the recent clear-cut with trace amounts of seedlings (<1 m À2 ) and herbaceous species (<1%). Forbs and shrubs common among the sites included lambkill (Kalmia angustifolia), creeping snowberry (Gaultheria hispidula), bunchberry (Cornus canadensis), blue-bead lily (Clintonia borealis), Canada mayflower (Maianthemum canadense), and wood sorrel (Oxalis acetosella).
Soil Collection and Handling
[12] Soils were collected from July to October 2005 using a method developed by Huntington et al. [1988] for stony forest soils. Three soil pits (71 cm Â 71 cm Â 50 cm deep) for each site were hand excavated and measured in a 400 m 2 area representative of the stand. The mineral soil was excavated by depth, rather than genetic horizon, using the following sampling depths: 0 -5 cm, 5 -10 cm, 10-15 cm, 15-20 cm, 20-35 cm, 35-50 cm. The depth interval 0-5 cm was generally coincident with the E horizon, while the remaining intervals were representative of the B horizon. The A horizon was typically <1 cm or absent. After each interval was excavated, all soil was sieved to 12 mm and weighed in the field. A representative subsample was kept cool and transported back to laboratory for determination of soil moisture content. Prior to further processing, soil was dried at 70°C to constant weight, sieved to 2 mm and stored in air tight containers.
Density Fractionation and Analyses
[13] Soils were fractionated using a density fractionation procedure developed by Sohi et al. [2001] . The method separates organic matter into three fractions: free (<1.80 g/ cm 3 light organic particles between aggregates), intraaggregate (<1.80 g/cm 3 light organic particles within aggregates), and an organo-mineral fraction (>1.80 g/cm 3 ). Three 15-g samples of each soil sample were weighed into separate 250 mL polycarbonate centrifuge bottles, and 90 mL of NaI solution was added to each. The density of the NaI solution was not adjusted since dried soils were preferred due to large differences in soil moisture among samples. After hand shaking gently for 30 s to release particulate soil organic matter from the breakdown of macroaggregates, the bottles were centrifuged at 8000 Â g for 30 min and the floating light fraction was immediately removed, along with NaI supernatant, using a pipette attached to a vacuum flask and pump. The free fraction was isolated using a vacuum filtration unit (Millipore, Watford, UK) and preweighed quartz microfiber filters (QMA, 47 mm diam., 2.5 mm retention) (Whatman International, Kent, UK). Using a minimum of 1 L of deionized water, samples were washed under vacuum using a separate collector and then transferred to a Petri dish and dried at 70°C to constant weight. The filtrate was returned to its respective centrifuge bottle and the pellet was resuspended in the NaI solution. Stable aggregates were dispersed using a Sonicator 3000 fitted with a dual horn and twin 19 mm probes (Misonix, Farmingdale, NY). The probes were submerged to depth of 19 mm and a dispersion energy of 750 J/g of soil was applied at a rate of 58.8 W (assessed by the temperature change in water). The temperature of the samples was maintained below 30°C by containing the centrifuge bottles in an ice packed 500 mL beaker. The intra-aggregate fraction was recovered after centrifugation using the sample procedure described above for the free fraction. After the intra-aggregate fraction was recovered, the density of the NaI solution was measured using a hydrometer to ensure uniform separation among fractions across samples.
[14] The organo-mineral fraction was recovered by washing the pellets from the 3 centrifuge bottles into a 1 L beaker. We added 7.5 mL of 1 M CaCl 2 to the beaker and waited a minimum of 24 hours to allow the clay to settle. The solution was decanted over a filtration unit (described above) and a preweighted quartz filter. The pellet was rinsed repeatedly until there was no evidence of NaI in solution. The pellet was washed into a Petri dish and dried at 70°C to constant weight. Mass balance was used to assess the completeness of recovery.
[15] Fractions were homogenized by grinding the sample on a roller mill and then analyzed for %C, %N, and d 13 C using an elemental analyzer (Eurovector EA-3028-HT, Manchester UK) coupled to a CF-IRMS (GV Isoprime Mass Spectrometer, Manchester UK). Isotopic contents are expressed as the relative difference (in parts per thousand) between the sample and the standard (Pee Dee Belemnite (PDB) for C), according to
where R is the ratio of the heavy to light isotope content of the element.
Calculations and Analysis
[16] One-way analyses of variance (ANOVA) were performed to test for differences in the mass of density fractions, their C content, soil C storage, C concentration, d
13 C, and the ratio of C-to-N among the sites acknowledging that there is no replication of stand age [Hurlbert, 1984] . If there was a significant site effect (P < 0.10), Tukey's HSD tests were used to determine which site differences were significant (a = 0.10). All values presented are means ±1 SE. Analyses were completed in SPSS 15.0 for Windows (SPSS Inc., Chicago, Illinois, USA).
[17] We examine the relationship between the soil C contents and their corresponding isotopic signatures in each fraction across the depth intervals of the age sequence in order to investigate whether observed patterns are consistent with increased rates of mineralization within specific density fractions following disturbance at these sites within specific soil depths. When organic matter is decomposed, there is a net enrichment in d
13
C of the residual microbial SOM [Mary et al., 1992; Santruckova et al., 2000] . If the documented enrichment arises primarily from increases in SOM mineralization, we would expect to observe an inverse linear relationship between ln%C and d 13 C that follows a Rayleigh fractionation. This is described by the Rayleigh equation, which documents enrichment () of residual SOC resulting from isotopic fractionation associated with mineralization according to,
where d o and C o represent the d
C signature and %C of the old growth reference system. The greater the value for (%), the greater the enrichment. Theoretically, the Rayleigh equation is only applicable in the case of a simple monodirectional system. Therefore, the value of should be interpreted as the apparent enrichment factor. Analyses were completed in Sigmaplot 8.0. (Systat Software Inc., San Jose, California, USA).
Results
Distribution of C Storage Within Fractions
[18] The greatest quantities of the free and intra-aggregate fractions were recovered in the 0 -5 cm depth interval and the contribution of these fractions to total soil mass declined exponentially with depth at all sites (Table 2 ). Contributions to soil C were also highest at the surface for the free and intra-aggregate fractions and declined exponentially with depth (Table 2) . Paralleling the depth related declines in the free and intra-aggregate fractions, the contribution of the organo-mineral fraction to total soil mass and C content increased with depth (Table 2) .
[19] The proportion of soil mass of free and organomineral fractions differed significantly among the sites in the 0 -5 (F = 4.023, P = 0.039; F = 3.886, P = 0.022), 20-35 (F = 29.520, P < 0.001; F = 11.670, P = 0.003) and 35-50 (F = 12.601, P = 0.004; F = 15.311, P = 0.003) cm depth intervals and only in the 35-50 (F = 7.940, P = 0.014) cm depth interval for the intra-aggregate fraction. Between site differences were not consistent across depth intervals within or between fractions (Table 2) .
[20] Soil C contents were significantly different among the sites in the 0 -5 (F = 4.945, P = 0.022), 20-35 (F = 31.165, P < 0.001) and 35-50 (F = 15.445, P = 0.003) cm intervals for the free fraction, in the 20-35 (F = 3.718, P = 0.063) and 35 -50 (F = 61.992, P < 0.001) cm depth intervals for the intra-aggregate fraction and in the 0-5 (F = 7.642, P = 0.022), 5-10 (F = 8.173, P = 0.005), 10-15 (F = 4.030, P = 0.038), 15-20 (F = 3.370, P = 0.069), and 35-50 (F = 11.340, P = 0.006) cm depth intervals for the organomineral fraction. Between site differences were not consis- (Table 2) .
[21] Depth profiles of C storage within each fraction are presented in Figure 1 . Carbon storage in the free and intraaggregate fractions is highest in the 0 -5 cm depth interval and in the greater depth intervals (20 -50 cm) for the organo-mineral fraction. Storage in the free fraction differed significantly among sites in the 0 -5 (F = 5.339, P = 0.018), 5 -10 (F = 2.792, P = 0.093), 20 -35 (F = 12.175, P = 0.003) and 35-50 (F = 4.771, P = 0.045) cm depth intervals and in the 0 -5 (F = 3.158, P = 0.018), 20-35 (F = 5.352, P = 0.027) and 35-50 (F = 7.859, P = 0.014) cm depth intervals for the intra-aggregate fraction. Significant differences in storage were detected for the organo-mineral fraction in the 0 -5 (F = 3.452, P = 0.057), 5 -10 (F = 3.939, P = 0.041), 20-35 (F = 2.201, P = 0.100) and 35-50 (F = 6.281, p = 0.025) cm depth intervals. Between site differences were not consistent across depth intervals within or between fractions (Table 2) .
[22] Cumulatively, however, total C storage in the free and organo-mineral fractions did not differ statistically among sites (Figure 2 ) but C storage was significantly different for the intra-aggregate fraction (F = 8.345, P = 0.013).
%C, d
13 C, and C-to-N Ratios [23] The concentration of C (%C) was higher in the free and intra-aggregate fractions than the organo-mineral at all depths and declined with depth in the free fraction and intraaggregate fraction (Table 3) . Within the organo-mineral fraction, %C was variable with depth and did not exhibit a general depth dependency. Soil %C differed significantly among the sites in the free fraction in the 5 -10 (F = 4.530, P = 0.028), 10-15 (F = 7.010, P = 0.008), 15-20 (F = 4.316, P = 0.038), and 20-35 (F = 4.071, P = 0.051) cm depth intervals. In the intra-aggregate fraction, soil %C significantly differed among the sites with greater %C in the intra-aggregate fraction in the 0 -5 (F = 4.416, P = 0.030), 10 -15 (F = 5.517, P = 0.016), 15-20 (F = 3.915, P = 0.048), 20-35 (F14.000, P = 0.002), and 35-50 (F = 3.499, P = 0.084) cm depth intervals. Significant differences were detected in the 0 -5 (F = 4.264, P = 0.033), 5 -10 (F = 9.004, P = 0.003), 10-15 (F = 3.978, P = 0.040), 15-20 (F = 0.3276, P = 0.072), and 35-50 (F = 11.788, P = 0.005) cm depth intervals in the organo-mineral fraction. Between site differences were not consistent across depth intervals within or between fractions (Table 3) .
[24] The free and intra-aggregate fractions were more depleted in 13 C than the organo-mineral fraction (Table 3 ) and d 13 C ratios did not exhibit depth dependency. The organo-mineral fraction, however, exhibited a pattern of increasing enrichment with increasing soil depth, similar to the bulk soil (Figure 3 ). The d 13 C signature in the free fraction differed significantly among the sites in the 10-15 (F = 8.3414, p = 0.004), 15-20 (F = 7.706, P = 0.008) and 35-50 (F = 9.949, P = 0.008) cm depth intervals and in the 15-20 (F = 2.830, P = 0.098), 20-35 (F = 5.486, P = 0.025) and 35-50 (F = 33.927, P < 0.001) cm depth intervals in the organo-mineral fraction. Between site differences were not consistent across depth intervals within or between fractions (Table 3) .
[25] Carbon to nitrogen ratios for each fraction at each site and depth interval (Table 3) were typically widest and most variable in the intra-aggregate fraction and narrowest in the organo-mineral fraction. In all fractions, the C-to-N ratios were variable with depth with no general directional trend in the light and intra-aggregate fractions. While the Cto-N ratios were variable in the organo-mineral fraction, there was a general trend toward increasing C-to-N ratios with depth. The C-to-N ratio differed significantly among the sites in the free fraction in the 15-20 cm (F = 2.862, P = 0.096) depth interval and in the 15-20 (F = 59.004, p < 0.001) and 20-35 cm (F = 4.119, P = 0.050) depth intervals for the intra-aggregate fraction. Differences among the sites Figure 1 . Carbon stored in each depth interval for the (a) free fraction, (b) intra-aggregate fraction, and (c) organo-mineral fraction in a red spruce forests ranging in age from 1 year to 125+ years. Means are ±1 standard error, N = 3 for each depth interval. Means with the same letter were not significantly different (Tukey's HSD, a = 0.10) from the other sites within the depth interval and if no letters are shown, no significant differences were detected.
were significant for the organo-mineral fraction in the 0 -5 (F = 3.211, P = 0.067), 10-15 (F = 4.068, P = 0.037), 20-35 (F = 4.962, P = 0.023), and 35 -50 cm (F = 5.372, P = 0.035) depth intervals. Between site differences were not consistent across depth intervals within or between fractions (Table 3) .
Enrichment Factors
[26] Rayleigh equations, which describe enrichment () resulting from isotopic fractionation associated with mineralization, were significant for all three fractions in the 35-50 cm depth interval only (Table 4 ). The free fraction had the greatest enrichment factor ( = À2.8), followed by the intra-aggregate fraction ( = À0.8) and the organo-mineral fraction ( = À0.6).
Discussion
[27] Density fractionation of soils from our forest sites isolated distinct fractions of SOM that differ in their contributions to total storage, soil mass, elemental concentrations and stable isotopic signatures. The characteristics of each of the three isolated fractions are consistent with the general trends observed in other studies [e.g., Spycher et al., 1983; Golchin et al., 1994; Swanston et al., 2005] . The free fraction, relative to the organo-mineral fraction, contributes less to total soil mass, has a high C concentration, wider Cto-N ratios, lighter isotopic signatures and contributes more, on a per mass basis, to total C. These characteristics are consistent with the findings of Spycher et al. [1983] , Sollins et al. [1984] , Hassink [1995] , and Tan et al. [2007] and indicate that free fraction SOM is of recent origin, while the organo-mineral fraction is a more recalcitrant pool of SOM. Relative to the free fraction, the intra-aggregate fraction is smaller with respect to total soil mass and has the greater Cto-N ratios, but it is also high in C and has lighter isotopic signatures, consistent with the findings of Golchin et al. [1994] , Parker et al. [2002] , and Swanston et al. [2005] . The high C content and lighter isotopic signatures are characteristics that are consistent with its physical protection within aggregates and suggests that its stability is a function of its position within the matrix and that it may be less altered by microbial processing than the free fraction [Golchin et al., 1994; Swanston et al., 2005] .
[28] The free and intra-aggregate fraction exhibit similar depth trends in C storage, contribution to soil mass and %SOC, C concentration, C content, d 13 C isotope signatures, and C-to-N ratios in the mineral soil, consistent with their conceptual and functional roles of being poorly decomposed and relatively labile pools of SOM that are free and occluded within the soil matrix [Golchin et al., 1994; Swanston et al., 2005] . With increasing soil depth, %SOC, C content, C concentration and the contribution to total soil mass declines in the free and intra-aggregate fractions and there is no change in the d 13 C isotope signature of the fractions with depth and no general depth trend in the C-to-N ratio. In the 1, 15, and 45 year sites, the C-to-N ratio increases with depth, while in the 80 and 125 year sites, the C-to-N ratio decreases in both the free and intra-aggregate fractions. On the other hand, C-to-N ratios, d 13 C isotope signatures, C content, %SOC, total C storage, and contribution to total soil mass increase with depth in all profiles in the organo-mineral fraction and %C does not change with depth.
[29] We can infer from these patterns that the free and, to a lesser degree, the intra-aggregate fractions drive soil properties in the near surface bulk soil because of their large contribution to soil mass and high C concentrations, but as we look deeper in the mineral soil, the bulk soil will be most similar to the dominating organo-mineral fraction. This change in the structure of the SOM pool with depth is evident when we examine depth trends in C concentrations Figure 2 . Total mineral soil carbon storage in the (a) free, (b) intra-aggregate, and (c) organo-mineral fractions of soil organic matter for a red spruce forests ranging in age from 1 year to 125+ years. Means are ±1 standard error, N = 3. and d
13
C ratios. With increasing depth, C concentrations typically decrease in the bulk soil, which mirror the decreasing contribution of free fraction C to the total SOM pool, as C concentrations in the organo-mineral fraction do not change with depth and C concentrations among the fractions converge (Table 3 ). The d 13 C ratio is similar among the fractions in the near surface but begins to diverge quickly with depth between the organo-mineral fraction and the free-and intraaggregate-light fractions (Figure 3) . With increasing depth, the contribution of the organo-mineral fraction to total soil C increases (Table 2 ) and the pattern of d 13 C enrichment in the organo-mineral fraction closely tracks the bulk soil (Figure 3 ).
Changes in C Concentration and d
13 C Profiles With Succession
[30] Diochon and Kellman [2008] determined that kinetic fractionation arising from SOC humification was the prit3.1 Table 3 . Carbon Concentrations, d
13 C Ratios, and C-to-N Ratios of the Free, Intra-aggregate, and C isotopic enrichment with depth in the soils in this study. In their investigation, the pattern of profile enrichment intensified following clear-cut harvesting, reaching a maximum in the 15 and 45 year sites. Because all sites had similar d 13 C ratios at the surface of the mineral soil, it was determined that the changes in the magnitude of enrichment with depth were being driven by changes in the deeper (>20 cm) mineral soil. Here, we show that differences in the deeper mineral soil, in particular the 35-50 cm depth interval, are being driven by the organomineral fraction. In the deeper mineral soil, the organomineral fraction accounts for over 98% of the soil mass and over 75% of SOC (Table 2 ). In the 15 and 45 year sites, the %C, C content and C storage in the organo-mineral fraction is significantly lower than the 1 and 125 year sites and the d 13 C ratios are significantly heavier than all other sites. These observations, together with a significant enrichment factor from the Rayleigh equation within all SOC fractions of the deepest soil layer across all the sites, suggest that there has been a loss of C from the pool (i.e., destabilization) at depth and that increases in rates of SOC mineralization can explain these patterns. The SOC cycling processes controlling soil C storage and turnover are numerous and complex and it is highly unlikely that they would be driven entirely by a single process such as mineralization. Factors such as preferential desorption and leaching of C from deep soil along with other processes may also play a role and account for some of the variability not explained by the Rayleigh model. However, the isotopic evidence and analysis suggests that increased mineralization is the likely and dominant cause for the observed changes in C storage.
Application of Density Fractionation and Stable Isotopes to Infer Changes in Biogeochemical Processes
[31] When the forest is clear-cut, the organic layer is typically mixed into the mineral soil due to mechanical disturbance [Yanai et al., 2003 ] encouraging short term gains in the free fraction, which we observed in the 0 -5 cm depth interval in our study ( Figure 1 and Table 2 ). Leaching transports a fraction of this C deeper in the profile, potentially priming older, biologically protected organic matter and promoting loss in the organo-mineral fraction [Fontaine et al., 2004 [Fontaine et al., , 2007 . In the greater depth intervals in this study (20 -35 and 35-50 cm) , the largest quantities of free fraction C (Figure 1 ) and the lightest d 13 C isotope ratios of free fraction C (Table 3) were reported in the recent clearcut, consistent with the transport of fresh and labile C via leaching. In the 35-50 cm depth interval, C storage was significantly lower in the organo-mineral fraction in the 15 and 45 year clear-cut sites (Figure 1 ), raising the possibility that the increase in labile C immediately following clearcutting may have primed the older C stored deeper in the profile. Furthermore, significant enrichment factors for C in all fractions (Table 4) , calculated from the Rayleigh equation, in the 35 -50 cm depth interval suggests increased mineralization as the explanation for loss, consistent with the findings of Diochon and Kellman [2008] .
[32] To our knowledge, this study is the first to examine physical fractions and their stable isotopes to infer changes in soil C biogeochemical processes as a consequence of land use change. The findings of our study indicate that combining physical fractionation and isotopic analyses in studies examining changes in SOM after disturbance may assist in identifying the processes responsible for C storage changes in disturbed forest ecosystems and increase our confidence in storage estimates plagued by the issue of high variability.
Conclusions
[33] In this study, the organo-mineral fraction accounted for, on average, 70% of C stored in the top 50 cm of the mineral soil. The greatest contribution of the organo-mineral fraction to total storage occurs below 20 cm (39% of total SOC), an area often overlooked in studies examining changes in storage in response to land use change or management. Studies examining changes to the structure of the SOM pool have typically focused on the shallow mineral soil (0 -20 cm) where the highest percentage of uncomplexed, organic matter is found. While the pool of uncomplexed organic matter is of critical importance in the context of organic matter cycling and site productivity, its contribution to total storage is small (average of 18% for C) and, by comparison to the protected pools, much easier for us to manipulate with management practices. We can easily alter the rate and nature of inputs and controls on outputs in the shallow soil, but manipulating deeper areas of the profile presents a more significant challenge. While detecting changes in deep soil is methodologically challenging and expensive, conducting a more thorough analysis of fewer samples may provide us with additional information about changes in biogeochemical processes that are not evident in elemental analysis of bulk soil alone. Quantifying changes deeper in the profile is also an important step in understanding SOM dynamics and for accounting in C budgets. 
